New 5-hydroxy-and 5-chloro-6-alkyl-1,4-benzoquinones with one or two methyl groups on the nucleus were synthesized as potential antimetabolites of plastoquinones for biological research on photosynthetic and mammalian enzyme systems; the primary emphasis was on photosynthesis.
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2,3-Dimethyl-5 -hydroxy -6 -phytyl -1,4 -benzoquinone completely inhibited in chloroplasts the water-dependent electron transport, but photosystem I was insensitive to this analog. The data are consistent with the interpretation that this analog inhibits electron transport in the chain prior to the site of electron donation from the ascorbate-dichlorophenolindophenol couple. Concentrations of 70 MM and 120 ,M of this analog caused about 50 and 100% inhibition, respectively, of cyclic photophosphorylation.
2,3-Dimethyl-5-hydroxy-6-phytyl-1 ,4-benzoquinone is a new type of inhibitor of photosynthetic electron transport that specifically inhibits the rate-limiting step between photosystems I and II. Structurally related analogs caused inhibitions in the range of 50-100% in chloroplasts.
These analogs showed marginal inhibition in mitochondrial coenzyme Qjo-oxidase systems from beef heart.
Plastoquinone-9 (Plastoquinone-9,I), a compound found (CH29CH C-CH,)nH II predominately in the chloroplasts of higher plants, is a naturally occurring benzoquinone with an isoprenoid side chain. Its structure was determined (1) , and it was synthesized (2) . It was proposed that it has an important role in the electron transport system of photosynthesis that is analogous to that of coenzyme Q (II) in mitochondria (3) by acting as an oxidation-reduction carrier in the electron transport system associated with the transformation of light into chemical energy (ATP) and the utilization of the hydrogen of water as a source of reducing power (NADPH2). Data from several experimental approaches indicate that plastoquinone does function in the electron transport system of chloroplasts. The data stem from extraction-restoration studies, spectrophotometric and chemical determination of redox changes, correlation with metabolic function, and changes in electron transport in mutants, as well as its universal distribution in all oxygen-producing photosynthetic organisms (3) .
To study relationships between structure and activity in respiration, Redfearn and Whittaker (4) evaluated the inhibition of succinoxidase from a heart muscle preparation by both coenzyme Q and l)lastoquinone analogs. They found that inhibitory quinones have at least one unsubstituted position in the nucleus, that the nature of the substituent ortho to the free position was important, and that the inhibitory effect disappeared in the presence of sulfhydryl compounds. Quinones with one unsubstituted position in the nucleus are known to react by a 1,4-addition with molecules containing a thiol group. This reaction might be involved in the mechanism of inhibition by the compounds studied by these investigators.
Catlin et al. (5) The 8'-cyclohexyloctylbenzoquinone (IIIe) was synthesized by thermal decomposition of the appropriate diacyl peroxide (8) in the presence of 2,3-dimethyl-5-hydroxy-1,4-benzoquinone. The decomposition produced free radicals, which reacted with the quinone (9) .
Generally, the hydroxyquinones were formed in low yields and were extremely unstable and difficult to purify. They partly decomposed on thin-layer plates, but the chloro compounds were formed in fairly good yields and were relatively stable. The structures of the products were assigned by their nuclear magnetic resonance (NMR) spectra (Table 2 ). For R6 = phytyl, the sidechain protons that were distinguished were of the ring methylene (-6.9r) group, and the vinylic (-5.OT) and the protons of the methyl group at the double bond (-8.3T). For R6 = 8'-cyclohexyloctyl, the ring methylenes were found at -7.66Tr and the remaining sidechain protons had two broad absorptions between 8.3r and 8.8T. EXPERIMENTAL 2,3-Dimethyl-1 ,4,5-triacetoxybenzene. To a solution of o-xyloquinone (5 g, 37 mmol) in acetic anhydride (20 ml), was added redistilled boron trifluoride-etherate (1 ml The following trihydroxybenzenes were prepared in a similar manner: 2,5-dimethyl-1,3,4-trihydroxybenzene; 2,6-dimethyl-1,3,4-trihydroxybenzene; and 2-methyl-1 ,4,5-trihydroxybenzene. Because of the instability of the trihydroxybenzenes, the products were used immediately in the subsequent alkylation reactions.
2,3-Dimethyl-5-chloro-1 ,4-benzoquinone. To chilled concentrated hydrochloric acid (10 ml), o-xyloquinone (1.34 g, 10 mmol) was added. The reaction mixture was stirred overnight at room temperature and then poured into ice water. The product was extracted with chloroform. The extract, containing 2,3-dimethyl-5-chloro-1,4-benzohydroquinone, was oxidized with potassium dichromate-sulfuric acid. The product was extracted with several portions of chloroform. The yield of purified chloroquinone was 1.4 g (82%), mp 700. The chloroquinones were dissolved in ether and reduced to the corresponding chlorohydroquinones with an aqueous solution of sodium dithionite immediately before acidcatalyzed alkylation.
Alkylation of the hydroxy-and chloroberizoquinones Acid-Catalyzed Alkylation. To a solution of the benzohydroquinone (10 mmol) in dry dioxane (25 ml), an equivalent of phytol was added. To the well-stirred solution, redistilled boron trifluoride etherate (1.5 ml) was added dropwise; the reaction mixture was stirred for 2 hr at room temperature. The mixture was poured into ice water (100 ml), and extracted with several portions of ether. The ether solution was dried over sodium sulfate and evaporated under reduced pressure. The product was purified by thin-layer chromatography on 1-mm thick silica-gel plates; 5-15% ether in hexane was used as developing solvent. The dark brown-violet band was scraped and eluted with ether. The alkyl hydroxyhydroquinones were air-oxidized to the quinone during this purification. The alkyl chlorohydroquinones were oxidized with silver oxide in ether before such purification by thin-layer chromatography.
Quinones IIIa-d and IVa-c ( (17) showed that the reduction of NADP by the artificial electron donor system consisting of ascorbate and dichlorophenolindophenol occurs in chloroplasts from which plastoquinone-9 has been completely extracted with organic solvents; the water-dependent NADP reduction is reduced in such extracted chloroplasts and can be normalized by the restoration of plastoquinone-9 to the extracted chloroplasts.
If the analog IIIa of plastoquinone inhibits NADP reduction from water by interacting close to or at the site of the endogenous plastoquinone-9, one might expect that the ascorbate plus dichlorophenolindophenol-dependent NADP reduction might be insensitive to the inhibitor's activity. Experiments were performed to test this hypothesis. As the data in Table 3 show, electron transport from the donor system to methyl viologen (a synthetic electron acceptor that can substitute for NADP) was indeed insensitive to the presence of concentrations of inhibitor that completely inhibited the water-dependent electron transport (Table 3) . These results are consistent with the hypothesis that the quinone analog lila inhibits electron transport by interacting with some part of the electron transport chain prior to the site of electron donation from the ascorbate-dichlorophenolindophenol couple. The assays for electron transport consisted of the following: H20 -`m ethyl viologen; 100 mM KC1, 5 mM MgC12, 0.8 mM ADP, 3 mM K2HPO4, 50 nmM tricine-KOH at pH 8.5, 20,g of chlorophyll per ml) 0.4 mM methyl viologen, and 0.5 mM sodium azide. 6 mM ascorbate plus 0.6 mM dichlorophenolindophenol (DPIP) were used as an alternative source of reducing power in some experiments. A Clark-type O2 electrode was used to measure electron transport.
The phosphorylation assays were as follows. 100 mM KCl, 5 mM MgCl2, 0.8 mM ADP, 3 mM K2HPO4, 0.03 mM phenazine methosulfate, and 20,Mg chlorophyll per ml at pH 8.5.
The analog was dissolved in methanol; the equivalent addition of pure methanol had no inhibitory effect. This dimethylhydroxy analog IlIa is also a potent inhibitor of cyclic photophosphorylation ( Table 3 ). The data indicate that 70 MM lila caused about 50% inhibition, and 120 MM MIIa completely inhibited cyclic photophosphorylation. The inhibitor II1a has been previously studied at two sites of ATP formation in subchloroplast particles (18) .
Reactions in the photosystem II system, such as ferri- The experimental conditions were similar to those described for cyanide reduction, were also inhibited by the analog lIIa (19) . In Table 4 are tabulated the inhibitory effects of additional plastoquinone analogs: 2-methyl-5-hydroxy-6-phytyl-1,4-benzoquinone (hIId), 2,3-dimethyl-5-chloro-6-phytyl-1,4-benzoquinone (IVa), and 2,5-dimethyl-3-chloro-6-phytyl-1,4-benzoquinone (IVb). These three analogs showed inhibitions of 50-100%.
These results are consistent with the interpretation that the dimethylhydroxy analog of plastoquinone inhibits electron transport and photophosphorylation in chloroplasts by interacting at the sites that normally function with the endogenous plastoquinone-9. Presumably, the analog must inhibit either the reduction or the oxidation of plastoquinone-9. These results are also consistent with the study by Bohme and Cramer (20) that showed inhibition at plastoquinone sites by 2,5-dibromo-3-tnethyl-6-isopropyl-1,4-benzoquinone (21) except that IIIa seems to be a better inhibitor.
Representatives of these plastoquinone analogs have also been tested in succinoxidase and DPNH-oxidase systems of mammalian mitochondria (22) , and corresponding systems Refer to footnotes of Table 5 . Extraction for removal of co- Table 3. enzyme Qjo was by the method of Szarkowska (23) .
that were extracted for removal of endogenous coenzyme Qio (23) (Tables 5 and 6) . None of the compounds tested showed marked inhibition in these systems at the levels tested. However, in the DPNH-oxidase system, analog lIla, 2,3-dimethyl-5-hydroxy-6-phytyl-1,4-benzoquinone, showed some inhibition in both intact and extracted mitochondria. Notably, analogs IMIb, MId, IVa, and IVb exhibited stimulation in the extracted mitochondrial DPNH-oxidase system from beef heart.
A similar stimulation by 6-phytyl-and 6-farnesyl-2,3-dimethoxy-5-hydroxy-1,4-benzoquinones has been observed for the DPNH-oxidase system in yeast mitochondria from which coenzyme Q6 was extracted (22) . The significance of the higher specific activities in the presence of the analogs IMIb, hId, IVa, and IVb in respect to the control activity is being further studied. Possibly, the analogs that appear to elicit a stimulation are substituting for coenzyme Qio or are acting in a synergistic manner with it. In succinoxidase, both lila and MId (2-methyl-5-hydroxy6-phytyl-1,4-benzoquinone) inhibited coenzyme Qjo to some extent in the intact system, but only IIId inhibited the extracted mitochondrial oxidase.
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